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The immune response against a variety of pathogens
can lead to activation of blood formation at ectopic
sites, a process termed extramedullary hematopoie-
sis (EMH). The underlying mechanisms of EMH have
been enigmatic. Investigating splenic EMH in mice
infected with murine cytomegalovirus (MCMV), we
find that, while cells of the adaptive immune sys-
tem were dispensable for EMH, natural killer (NK)
cells were essential. EMH required recognition of
infected cells via activating NK cell receptors Ly49H
or NKG2D, and correspondingly, viral interference
with NK cell recognition abolished EMH. Surpris-
ingly, development of EMH was not induced by NK
cell-derived cytokines but was dependent on per-
forin-mediated cytotoxicity in order to control virus
spread. Spreading virus reduced the numbers of
F4/80+ macrophages that were crucial for inflamma-
tory EMH. Hence, whereas MCMV suppresses
inflammation-induced EMH, NK cells confine virus
spread, thereby protecting extramedullary hemato-
poietic niches and facilitating EMH.
INTRODUCTION
Hematopoiesis is fundamental for both innate and adaptive
immunity as it constantly generates the cellular constituents of
the immune system. In the developing embryo, hematopoiesis
first occurs in the yolk sac and later mainly in liver and spleen.
In adults, the bone marrow is the main blood forming tissue
(medullary hematopoiesis). Interestingly, the immune response
against various bacterial (MacNamara et al., 2009; Piseddu
et al., 2011), parasitic (Cotterell et al., 2000; Giordanengo et al.,
2002; Villeval et al., 1990), and both acute and chronic viral path-Cell Hogens (Costantini et al., 2009; Lucia and Booss, 1981) can reac-
tivate blood formation at sites of fetal hematopoiesis—a process
termed extramedullary hematopoiesis (EMH). In most cases liver
and spleen resume their hematopoietic function, resulting in a
substantial increase in size of these organs (hepatosplenome-
galy). In addition, EMH can also be observed in lymph nodes,
thymus, renal capsule, dura, and skin.
Human cytomegalovirus (HCMV), a herpesvirus of the b-sub-
family, is highly prevalent worldwide and frequently causes
severe disease in individuals with an immature or compromised
immune system (Mocarski et al., 2007). In newborns, congenital
HCMV infection can lead to so-called ‘‘blueberry muffin’’ babies
due to hemorrhagic-purpuric looking skin lesions associated
with EMH and hepatosplenomegaly (Gaffin and Gallagher,
2007). In adults, acute HCMV infection occasionally induces
mononucleosis-like symptoms and splenomegaly with the risk
of rupture of the splenic capsule and severe hemorrhage (Alliot
et al., 2001; Duarte et al., 2003).
Murine cytomegalovirus (MCMV) resembles its human coun-
terpart in many regards (Krmpotic et al., 2003). As for HCMV,
acute MCMV infection induces splenomegaly (Leung et al.,
1991), which, in mice, is due to EMH (Lucia and Booss, 1981).
The mechanism governing EMH during inflammation or infec-
tion, however, is poorly understood. Here, we report on the sur-
prising observation that natural killer (NK) cells are crucial for the
development of EMH during MCMV infection.
NK cells play a pivotal role in the first line of defense against
CMV by recognizing and killing infected cells as well as secreting
antiviral cytokines including interferon-g (IFN-g) and tumor
necrosis factor-a (TNF-a) (Vivier et al., 2011). NK cells express
a plethora of receptors that stimulate (activating receptors) or
dampen (inhibitory receptors) their activity (Vivier et al., 2011).
Activating receptors have either cellular partners, as NK group
2D (NKG2D) that binds to several stress-induced ligands, or
directly recognize virus gene products (Vivier et al., 2011). The
activating NK cell receptor Ly49H, for instance, which is ex-
pressed in C57BL/6 mice, recognizes the MCMV-encoded
m157 glycoprotein on the surface of infected cells mediatingost & Microbe 13, 535–545, May 15, 2013 ª2013 Elsevier Inc. 535
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Figure 1. MCMV Infection Induces Extramedullary Hematopoiesis
C57BL/6 mice were either mock-infected or infected with MCMV injected into
the footpad, intraperitoneally (i.p.), or intravenously (i.v.).
(A) Splenic weight at day 7 postinfection (p.i.) with 106 pfu. Each dot represents
an individual animal. Horizontal bar represents mean value.
(B) Total cell numbers of eosinophil and neutrophil granulocytes (Gr.), mac-
rophages, monocytes, and TER119+ cells after i.v. infection with 106 pfu at day
6 (n = 5 animals; mean + SD).
(C) Mice were i.v. infected with 5 3 105 pfu MCMV. At day 6 p.i., 6 3 105
splenocytes were plated for colony-formings assays. Number of colonies is
shown (n = 5 animals; mean + SD).
Cell Host & Microbe
NK Cells in Extramedullary Hematopoiesis
536 Cell Host & Microbe 13, 535–545, May 15, 2013 ª2013 Elsevier Irobust activation of Ly49H+ NK cells and efficient virus control
(Arase et al., 2002; Bubic et al., 2004; Scalzo and Yokoyama,
2008; Smith et al., 2002).
In this study, we reveal a central role of Ly49H+ NK cells in pre-
venting MCMV-induced suppression of inflammatory EMH by
restriction of virus spread.
RESULTS
Infection with MCMV Induces Extramedullary
Hematopoiesis in the Spleen
MCMV causes splenomegaly and the expansion of hematopoi-
etic islands in the enlarged spleen of acutely infected mice
(Loh and Hudson, 1981; Lucia and Booss, 1981). To characterize
MCMV-induced splenomegaly, we first tested different routes of
infection. We applied MCMV to C57BL/6 mice into the footpad,
intraperitoneally and intravenously, and weighed the spleens at
7 days postinfection (p.i.) (Figure 1A). Infection via the footpad
did not result in a significant increase in splenic weight. In
contrast, a significant increase in splenic weight was observed
following both intraperitoneal and intravenous infection.
In order to investigate the contribution of the hematopoietic
system in the observed splenomegaly, we performed flow
cytometry. We quantified the total cell numbers of myeloid line-
ages, i.e., eosinophil (Gr-1CD115F4/80+SSChi) and neutrophil
(Gr-1+CD115) granulocytes, macrophages (Gr-1CD115F4/
80+SSClo) and monocytes (Gr-1CD115+) (Chow et al., 2011),
as well as of the erythroid lineage (TER119+) (Kina et al., 2000)
in the spleen of mice after intravenous infection with MCMV.
The cell numbers of all these lineages increased consider-
ably with a remarkable dominance of the erythroid lineage
(Figure 1B).
In order to confirm that the observed increase in myeloid and
erythroid cell numbers after infection was indeed due to EMH,
we performed colony-forming assays for hematopoietic progen-
itor cells from spleen homogenates. MCMV infection signifi-
cantly increased the numbers of myeloid progenitors CFU-GM
and erythroid progenitors BFU-E (Figure 1C). Of note, the domi-
nance of the erythroid lineage in splenic EMH already became
manifest at the level of BFU-E. BFU-E-derived CFU-E are direct
precursors of TER119+ erythroid cells and are accessible by
flow cytometry (linCD23CD41Sca-1c-kit+CD105+CD150)
(Pronk et al., 2007). As expected, CFU-E were increased after
MCMV infection (Figure 1D). Thus, EMH can be observed at
all developmental stages from early BFU-E- to late TER119-
expressing cells.(D) Percentage of CFU-E at day 6 after i.v. injection with 53 105 pfu. Each dot
represents an individual animal. Horizontal bar represents mean value.
(E and F) Analysis of TER119 expression on splenocytes at day 7 after infection
with 106 pfu MCMV. (E) Dot plot of the animal representing the median of n = 5
animals is shown. (F) Percentage of TER119+ splenocytes. Each dot repre-
sents an individual animal. Horizontal bar represents mean value.
(G) Mice were i.v. infected with the indicated doses of MCMV. Percentage of
TER119+ splenocytes at day 7 p.i. is shown (n = 4 animals; mean ± SD).
(H and I) Mice were i.v. infected with the indicated doses of MCMV. Kinetics of
splenic weight (H) and percentage of TER119+ cells (I) is shown (n = 5 animals;
mean ± SD). Asterisks indicate significant values as calculated by one-way
ANOVA with Dunnett test (A and F–I) or unpaired, two-tailed Student’s t test
(B–D): *p < 0.05; **p < 0.03; ***p < 0.001; ns, not significant.
nc.
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C Figure 2. NK Cells Are Required for Extra-
medullary Hematopoiesis
(A) SCID mice were infected with MCMV. Per-
centage of TER119+ splenocytes is shown. Each
dot represents an individual animal. Horizontal bar
represents mean value.
(B) C57BL/6 mice, either undepleted or NK cell-
depleted using anti-asialo GM1 antibody (a-NK),
were infectedwithMCMV. Percentage of TER119+
splenocytes is shown. Each dot represents an
individual animal. Horizontal bar represents mean
value.
(C) C57BL/6 mice, either left undepleted or NK
cell-depleted, were infected with 105 pfu and
103 pfuMCMV, respectively. Virus titer at day 3 p.i.
(dots) and percentage of TER119+ splenocytes at
day 6 p.i. (bars) is shown. Dashed line, detection
limit. Dots represent individual animals, bars
represent n = 5 animals (mean + SD).
(D)C57BL/6mice, either left undepleted orNKcell-
depleted using anti-NK1.1 antibody (a-NK1.1),
were infected with 2 3 105 pfu MCMV. TER119
expression on splenocytes at day 7 p.i. is shown.
(E) NKp46-DTR bone marrow chimeras, either left
undepleted or NK cell-depleted using diphtheria
toxin (DT), were either mock-infected or infected with MCMV. One group of infected NK cell-depleted mice received an adoptive transfer of wild-type NK cells
(NK). Percentage of TER119+ splenocytes is shown. Each dot represents an individual animal. Horizontal bar represents mean value. Asterisks indicate sig-
nificant values as calculated by unpaired, two-tailed Student’s t test (A and E) or one-way ANOVA with Bonferroni test (B). *p < 0.05; **p < 0.03, ***p < 0.001; ns,
not significant.
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spleens of mice infected with MCMV via the footpad, intraperito-
neally and intravenously (Figures 1E and 1F). As observed for
spleen size, intravenous and intraperitoneal infection, but not
footpad infection, resulted in expansion of the TER119+
compartment in the spleen. Notably, the proportion of
TER119+ splenocytes nicely correlated with the splenic weight
for the respective infection routes (Figure 1A), indicating that
EMH substantially contributes toMCMV-induced splenomegaly.
In the following, we therefore quantified the extent of EMH based
on the expansion of TER119+ splenocytes.
To determine the dose of infection required for the induction
of EMH, we performed intravenous infections with 100 to 106
plaque-forming units (pfu) of MCMV. A significant increase in
the proportion of TER119+ cells was observed following infection
withR105 pfu (Figure 1G). Finally, we followed the splenic weight
and the proportion of TER119+ cells over time after low-dose
(103 pfu) and high-dose (105 pfu) infection. After low-dose infec-
tion, no significant changes in splenic weight could be detected
(Figure 1H). After high-dose infection, a rapid gain of weight with
a peak around day 6 was seen that contracted after 10 days (Fig-
ure 1I). Thereby, the expansion of TER119+ cells followed the
same kinetics as the splenic weight. In summary, MCMV infec-
tion induced EMH in C57BL/6 mice in a route-, dose-, and
time-dependent manner.
NK Cells Are Essential for Extramedullary
Hematopoiesis upon MCMV Infection
The kinetics of EMH after MCMV infection parallels the expan-
sion and contraction of T cells (Figure 1I) (Mohr et al., 2010).
In addition, T cells and also B cells produce many cytokines
with hematopoietic activity. Therefore, we tested whether T orCell HB cells are required for the induction of EMH. Upon infection of
severe combined immunodeficiency (SCID) mice that lack both
T and B cells, a robust increase of TER119+ splenocytes was
observed (Figure 2A) indicating that cells of the adaptive immune
response are dispensable for the induction of EMH following
MCMV infection.
In the acute phase of an MCMV infection, innate immunity, in
particular the NK cell response, is important for the containment
of virus replication (Vivier et al., 2011). To examine whether NK
cells contribute to the regulation of EMH, we depleted these cells
using anti-asialo GM1 antibody. To our surprise, depletion of
NK cells completely abolished the expansion of TER119+ cells
after MCMV infection (Figure 2B). This was particularly surprising
because NK cell depletion in C57BL/6 mice results in a 100-fold
increase in virus load. Therefore, we would have rather predicted
an increase in the extent of EMH. To examine the effect of NK cell
deficiency on EMH in presence of a comparable virus load of the
spleen, we infected untreated mice and NK cell-depleted mice
with 105 and 103 pfu MCMV, respectively (Figure 2C). Despite
comparable virus loads at the peak of virus replication in the
spleen (day 3 p.i.), EMH was reduced in absence of NK cells
(day 6 p.i.). Therefore, the loss of EMH upon NK cell depletion
was not due to an overwhelming infection. To exclude off-target
effects of the anti-asialo GM1 antibody, we repeated NK cell
depletion using an anti-NK1.1 antibody. As observed before,
the anti-NK1.1 antibody-mediated NK cell depletion diminished
the proportion of TER119+ cells substantially during infection
(Figure 2D). Finally, we used a genetic model for depletion of
NK cells. We generated bone marrow chimeras using a graft
from NKp46-DTR mice (Walzer et al., 2007). After bone marrow
reconstitution, NK cells in these mice express the human diph-
theria toxin receptor (DTR) and can be selectively depleted byost & Microbe 13, 535–545, May 15, 2013 ª2013 Elsevier Inc. 537
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Figure 3. Ligation of Activating NK Cell Receptors Is Required for Extramedullary Hematopoiesis
(A–F) C57BL/6 mice were infected with either MCMV or the indicated MCMV mutants. Percentage of TER119+ splenocytes at day 6 p.i. is shown. Each dot
represents an individual animal. Horizontal bar represents mean value. Asterisks indicate significant values as calculated by unpaired, two-tailed Student’s t test
(A, B, D) or one-way ANOVA with Dunnett test (E, F; all groups compared to Dm157-MCMV). *p < 0.05; **p < 0.03; ***p < 0.001; ns, not significant. (C) Genomic
organization of the locus comprising MCMV genes m144–m158. Arrows indicate ORFs, rectangles sequence deletions of the indicated mutants. Genem157 is
deleted in all mutants.
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NK Cells in Extramedullary Hematopoiesisinjection of diphtheria toxin (DT). Of note, higher percentages of
TER119+ cells were already present in mock-infected chimeras
irrespective of DT treatment, most likely due to a higher back-
ground level of EMH during the reconstitution phase of the
hematopoietic system following bone marrow transfer (Hodek
et al., 2008) (Figure 2E). Nevertheless, NK cell depletion by
DT-injection significantly decreased the number of MCMV-
induced TER119+ cells in these mice. The genetic depletion
model also enabled us to reconstitute mice depleted of NK cells
with wild-type cells. Splenocytes enriched in NK cells were
transferred from MCMV-infected wild-type mice into infected
and NKp46-DTR-depleted chimeric mice. Consequently, this
transfer restored TER119+ cell expansion. In summary, these
data reveal an unsuspected, crucial role of NK cells in the estab-
lishment of EMH following MCMV infection.
Recognition of MCMV-Infected Cells via the Activating
NK Cell Receptors Ly49H or NKG2D Is Required for
Extramedullary Hematopoiesis
In C57BL/6 mice, the Ly49H+ NK cells directly recognize MCMV-
infected cells due to the expression of the viral m157 protein on
the cell surface of the infected cells (Arase et al., 2002; Smith
et al., 2002). To investigate whether recognition of infected cells
via Ly49H is important for the development of EMH, C57BL/6
mice were infected with m157-deletion virus (Dm157-MCMV)
(Bubic et al., 2004). Interestingly, no expansion of TER119+ cells538 Cell Host & Microbe 13, 535–545, May 15, 2013 ª2013 Elsevier Iwas observed following Dm157-MCMV infection compared to
wild-type virus infection (Figure 3A). Therefore, recognition of
infected cells by NK cells via the Ly49H/m157 interaction seems
to be important for the development of EMH.
NK cells can also be activated through ligation of NKG2D. To
test directly the effect of NKG2D ligation on EMH, we infected
mice with a virus expressing the NKG2D ligand RAE-1g (RAE-
1g-MCMV) (Slavuljica et al., 2010). In these mice, the proportion
of TER119+ cells was significantly higher than after infection with
wild-type virus (Figure 3B), demonstrating that NK cell recogni-
tion through both Ly49H and NKG2D had an additive effect.
MCMV encodes several proteins that interfere with NK cell
recognition. We therefore asked whether viral interference with
NK cell recognition would affect the expansion of TER119+
cells in absence of Ly49H ligation. C57BL/6 mice were infected
with a mutant virus lacking the genomic region m144–m158
(Dm144–m158-MCMV) that contains a number of ORFs known
or proposed to control NK cell function (Figure 3C). Interestingly,
deletion of m144–m158 restored the expansion of TER119+ cells
(Figure 3D), indicating that efficient viral inhibition of NK cell
recognition is responsible for failure to establish EMH in absence
of Ly49H ligation.
To identify the responsible viral genes, we deleted smaller
gene blocks dissecting the m144–m158 region on the Dm157-
MCMV background, generating the mutants Dm144–m146-,
Dm147–m151-, Dm152–m154-, and Dm155–m158-MCMVnc.
A CB Figure 4. NK Cell-Mediated Cytotoxicity Is
Required for MCMV-Induced Extramedul-
lary Hematopoiesis
(A–C) Indicated mouse strains were infected with
MCMV. (B) TNF-a was depleted in C57BL/6 mice
using Etanercept (a-TNFa). Percentage of
TER119+ splenocytes is shown. Each dot repre-
sents an individual animal. Horizontal bar repre-
sents mean value. Asterisks indicate significant
values as calculated by unpaired, two-tailed
Student’s t test (A and C) or one-way ANOVA
with Bonferroni test (B). *p < 0.05; ***p < 0.001; ns,
not significant. Data were pooled from two
experiments (C).
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m154-, and Dm155–m158-MCMV restored the expansion of
TER119+ cells. The viral genes m145, m152, and m155 inhibit
NK cell recognition by downregulating MULT-1, RAE-1, and
H60 (Hasan et al., 2005; Krmpotic et al., 2005; Lodoen et al.,
2003, 2004), respectively, all of which are ligands of the acti-
vating NK cell receptor NKG2D. Thus, each of themutant viruses
that restored the development of EMH lacked at least one ORF
known to inhibit NK cell recognition. To show that deletion of
these genes was indeed responsible for the development of
EMH upon infection with the respective mutants, we generated
single deletion mutants lacking m145, m152, or m155 on the
Dm157-MCMV background (Figures 3C and 3F). As expected,
infection with all three mutants resulted in restoration of EMH.
In parallel, we generated single deletion mutants of all other
ORFs in m144–m146 and m152–m158 on the Dm157-MCMV
background. None of these mutants induced expansion of
TER119+ cells as strongly as the Dm145-, Dm152-, and
Dm155-MCMV mutants. Nevertheless, a partial rescue was
observed for Dm144, Dm153, Dm154, and Dm158. Further
studies are required to address whether viral genes m144,
m153, m154, or m158 are directly involved in the inhibition of
NKG2D-mediated NK cell recognition or whether deletion of
these genes simply affected expression of other genes in this
genomic region known to inhibit NK cell recognition.
NK Cell-Mediated Cytotoxicity Is Essential
for Extramedullary Hematopoiesis
NK cells are important producers of cytokines, e.g., IFN-g and
TNF-a, which might induce EMH. In fact, it was reported that
IFN-g can activate quiescent hematopoietic stem cells during
infection (Baldridge et al., 2010). TER119+ cells, however, also
expanded after infection of IFNGR/ mice, indicating that
IFN-g-signaling is dispensable for induction of EMH (Figure 4A).
TNF-a has also been shown to act on hematopoietic stem cells
after bone marrow transplantation (Pearl-Yafe et al., 2010). Yet,
depletion of TNF-a had no effect on MCMV-induced EMH (Fig-
ure 4B). Besides cytokine production, perforin-mediated cyto-
toxicity is the most prominent function of NK cells. Therefore,
we infected perforin-knockout mice (Prf1/) lacking NK cell-
mediated cytotoxicity (Ka¨gi et al., 1994). Remarkably, expan-
sion of TER119+ cells was completely abrogated in Prf1/
mice after MCMV infection (Figure 4C). Hence, it is the cytotoxic
function of NK cells rather than cytokine production that is
required for the development of EMH. This indicated that NKCell Hcell-mediated killing of MCMV-infected cells and thus direct
control of MCMV-infected targets was required for the estab-
lishment of EMH.
Restriction of MCMV Spread by NK Cells Is Required
for Extramedullary Hematopoiesis
NK cell-mediated cytotoxicity results in the elimination of
infected cells and thereby control of virus replication and spread.
To dissect whether virus replication in first target cells or spread
to secondary targets affects the development of EMH, we
infected mice with DM94-MCMV. This virus can fully replicate
in cells but virus morphogenesis is interrupted at the stage of
secondary envelopment that blocks virion export from cells
and spread (Mohr et al., 2010). Interestingly, infection with
DM94-MCMV resulted in the expansion of TER119+ cells to a
similar extent as seen for the wild-type virus (Figure 5). Yet, in
contrast to wild-type virus infection, NK cell-depletion during
infection with DM94-MCMV no longer abrogated EMH. In addi-
tion, Prf1/ mice infected with DM94-MCMV showed normal
expansion of TER119+ cells. We conclude that NK cell-mediated
cytotoxicity is indeed required to restrict MCMV spread in order
to allow for EMH.
MCMV Escaping NK Cell Control Suppresses
Inflammatory Extramedullary Hematopoiesis
Our previous data indicate that virus spread in absence of NK cell
control might suppress EMH. To formally proof this hypothesis,
we treated mice with synthetic CpG-motif containing oligodeox-
ynucleotide (CpG-ODN). CpG-ODN is a TLR9 agonist that acti-
vates cells of the adaptive and the innate immune system, and
also strongly induces inflammatory EMH (Sparwasser et al.,
1999). CpG-ODN-treated mice were infected with wild-type
MCMV, UV-irradiated wild-type MCMV, spread-deficient
DM94-MCMV, or Dm157-MCMV. Interestingly, infection with
Dm157-MCMV completely abrogated CpG-ODN-induced
expansion of TER119+ cells (Figure 6A), demonstrating that
MCMV escaping NK cell control suppresses inflammation-
induced EMH. It is important to note that infection with wild-
type MCMV also led to a lesser, but nevertheless significant
reduction of CpG-ODN-induced expansion of TER119+ cells.
After infection with nonreplicating UV-irradiated wild-type
MCMV or spread-deficient DM94-MCMV, neither additional
expansion nor contraction of TER119+ cells could be observed.
Finally, we also infected CpG-ODN-treated Ly49H/ mice with
wild-type MCMV (Figure 6B). As predicted, MCMV infection inost & Microbe 13, 535–545, May 15, 2013 ª2013 Elsevier Inc. 539
Figure 5. NKCell-Mediated Restriction ofMCMVSpread Is Required
for Extramedullary Hematopoiesis
Indicated mouse strains, either left undepleted or depleted of NK cells, were
infected with either MCMV or DM94-MCMV. Percentage of TER119+ spleno-
cytes is shown. Each dot represents an individual animal. Horizontal bar
represents mean value. ns, not significant (one-way ANOVA with Bonferroni
test). Data were pooled from two experiments.
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NK Cells in Extramedullary HematopoiesisLy49H/ mice led to further reduction of TER119+ cells
compared to C57BL/6 mice.
Our data thus indicated two consequences of an acute MCMV
infection with regard to EMH. On the one hand, the inflammation
associated with acute MCMV infection induced EMH in a similar
fashion as treatment with TLR-agonists like CpG-ODN. On the
other hand, the virus was able to suppress this inflammation-
induced EMH. This suppressive effect was dependent on virus
spread and was controlled by NK cell cytotoxicity.
To formally clarify the interplay between induction and sup-
pression of EMH by MCMV, we performed double infections
with MCMV and Dm157-MCMV (Figure 6C). As seen for CpG-
ODN-induced EMH, Dm157-MCMV efficiently suppressed
wild-type MCMV-induced expansion of TER119+ cells, demon-
strating that suppression of EMH is the dominant phenotype.
Hence, MCMV suppresses inflammatory EMH and NK cells limit
this property.
MCMV Spread Leads to the Depletion of Splenic
Macrophages and Failure in LSK Cell Expansion
To gain more insight in the mechanism of viral suppression of
EMH, we probed spleens of mice stimulated with CpG-ODN
and infected with Dm157-MCMV for hematopoietic progenitor
cells. Infection significantly reduced the proportion of erythroid
CFU-E (Figure 7A) and the number of BFU-E as well as myeloid
CFU-GM (Figure 7B) in the spleen as seen by flow cytometry
and colony-forming assays, respectively. Notably, already the
number of early multipotent CFU-GEMMwas reduced in spleens
from mice infected with Dm157-MCMV. Because all hematopoi-
etic lineages descend from lineageSca-1+c-kit+ (LSK) cells, we
examined LSK cells in the spleen following infection with
MCMV and Dm157-MCMV (Figures 7C and 7D). The proportion
of LSK cells was increased after MCMV infection with a peak at
day 4 p.i. followed by a rapid decrease. Interestingly, during the
first 4 days of infection with Dm157-MCMV we could observe
neither an increase nor a decrease of LSK cells in the spleen.540 Cell Host & Microbe 13, 535–545, May 15, 2013 ª2013 Elsevier IOnly by day 6 p.i. the percentage of LSK cells increased. The
spleen, as other peripheral organs, satisfies an increased
demand of hematopoietic stem cells by recruiting cells that are
mobilized from the bone marrow (Schulz et al., 2009). Bone
marrow pathology due to uncontrolled virus replication could
lead to a diminished supply with stem cells. In fact, induction of
EMH with CpG-ODN increased the number of LSK cells in the
blood (Figure 7E). Infection with Dm157-MCMV, however, did
not result in a reduction of circulating LSK cells, suggesting that
failure of the LSKcell expansion is due to a spleen intrinsic defect.
Because virus spread was required for suppression of EMH,
it was tempting to speculate that the infection of a certain cell
type not infected in significant numbers during the first round
of infection is responsible for suppression of EMH, e.g., the
infection of hematopoietic stem cells. Furthermore, hematopoie-
sis requires a specialized microenvironment, the hematopoietic
niche (Mercier et al., 2012). Thus, viral targeting of an integral
part of the supportive microenvironment in the spleen might
lead to suppression of EMH. F4/80+ macrophages are key regu-
lators of the hematopoietic niche in the bone marrow, e.g., by
mediating adhesion of stem and progenitor cells (Chasis and
Mohandas, 2008; Chow et al., 2011; Ehninger and Trumpp,
2011; Mercier et al., 2012). First, we wanted to know whether
macrophages are indeed required for inflammatory EMH.
Because macrophages could also play a role in limiting virus
spread (Ebermann et al., 2012), we used CpG-ODN for sterile
induction of EMH and depleted macrophages using liposome-
encapsulated Clodronate (van Rooijen et al., 1989). In fact,
macrophage depletion prevented the gain in splenic weight
(Figure 7F) and inhibited the increase in erythroid CFU-E (Fig-
ure 7G) and TER119+ cells (Figure 7H), indicating that macro-
phages are required for EMH and therefore a key component
of the hematopoietic niche in the spleen. Macrophages are
important target cells of MCMV for lytic replication (Hsu et al.,
2009; Me´nard et al., 2003). Hence, we examined the macro-
phage compartment in the spleen after infection with MCMV
and Dm157-MCMV (Figure 7I). Following MCMV infection, the
proportion of F4/80+ macrophages remained constant and was
increased only at day 6 p.i.. In contrast, after infection with
Dm157-MCMV, the macrophage compartment collapsed as
early as day 2 p.i. These data suggested that virus spread
impacts on a constitutive element of the hematopoietic niche
in the spleen, the macrophage.
DISCUSSION
EMH, during the course of acute or chronic infections, is a widely
recognized phenomenon. The underlying mechanisms, how-
ever, have been enigmatic. Here, we report an unexpected role
of NK cells for EMH following CMV infection.
Infection with MCMV, a b-herpesvirus, induced EMH in the
spleen with a dominance of the red blood cell lineage consistent
with observations made after bacterial infection (Jackson et al.,
2010; MacNamara et al., 2009). The kinetics of EMH developed
in parallel to the adaptive immune response, yet B and T cells
were dispensable for the establishment of EMH. In contrast,
we observed a striking dependence of EMH on NK cells.
In C57BL/6 mice, Ly49H+ NK cells govern the early immune
response against MCMV (Vivier et al., 2011) as they are ablenc.
A CB Figure 6. MCMV Escaping NK Cell Control
Dominantly Suppresses CpG-ODN-Induced
Extramedullary Hematopoiesis
(A) Mice were treated with CpG-ODN and either
left uninfected or were infected with 5 3 105 pfu
either untreated or UV-irradiated (UV) MCMV or
the indicated MCMV mutants.
(B) Indicated mouse strains were treated with
CpG-ODN and either left uninfected or were
infected with 5 3 105 pfu MCMV.
(C) C57BL/6 mice were infected with either 105
pfu MCMV or 105 pfu MCMV + 105 pfu Dm157-
MCMV. Percentage of TER119+ splenocytes is
shown. Each dot represents an individual animal.
Horizontal bar represents mean value. Asterisks indicate significant values as calculated by one-way ANOVA with Bonferroni test (A and B) or unpaired, two-
tailed Student’s t test (C): *p < 0.05; ***p < 0.001; ns, not significant. (A) Data were pooled from two experiments (A).
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infected cells resulting in reduction of viral load and preserva-
tion of the microarchitecture of the splenic white pulp (Bekiaris
et al., 2008; Benedict et al., 2006). Recognition of infected cells
via the m157/Ly49H interaction was also critical for the devel-
opment of EMH following MCMV infection. Upon infection
with Dm157-MCMV that escapes recognition and control by
Ly49H+ NK cells, no EMH was observed. Therefore, the role
of Ly49H for NK cell activation and EMH was essential in
C57BL/6 mice. Other mechanisms, however, can contribute
to NK cell recognition as well, such as NKG2D engagement.
Our nonbiased screen of virus deletion mutants for the estab-
lishment of EMH in fact confirmed the importance of NKG2D
ligation via MULT-1, RAE-1, and H60. The deletion of only
one of the viral genes m145, m152, or m155 restored EMH,
even in absence of m157. These genes downregulate the
NKG2D ligands MULT-1, RAE-1, and H60, respectively (Hasan
et al., 2005; Krmpotic et al., 2005; Lodoen et al., 2003, 2004).
Our data now show that all three genes—m145, m152, and
m155—are required for MCMV to escape from NK cell recogni-
tion in vivo, and that neither of these viral products alone is suf-
ficient for this function. Apparently, induction and suppression
of EMH provides a very sensitive read-out system to study
the functionality of NK cell activating ligands and their viral
counter-regulators in vivo.
Cytokines produced by NK cells were proposed to have an
effect on hematopoiesis (Murphy and Longo, 1996). To our great
surprise, MCMV-induced EMH did not depend on cytokines but
only on perforin-mediated cytotoxicity. NK cells use their cyto-
toxic function to confine MCMV spread by lysing infected cells.
Using the spread-deficient DM94-MCMV mutant, we were able
to confirm that containment of viral spread is indeed essential
for the development of inflammation-induced EMH. Interest-
ingly, NK cell-derived IFN-g also restricts MCMV replication
(Loh et al., 2005) but was not sufficient to substitute for per-
forin-mediated cytotoxicity. This might be due to organ-specific
control of MCMV replication by IFN-g and perforin in liver and
spleen, respectively (Tay and Welsh, 1997). In summary, our
data demonstrate a specific role of a defined NK cell effector
function, namely cytolysis, to prevent suppression of EMH
by MCMV.
In contrast to EMH, the effect of MCMV infection on medullary
hematopoiesis has been investigated extensively (Mayer et al.,Cell H1997; Mori et al., 1999; Mutter et al., 1988; Reddehase et al.,
1992). Interestingly, in mice deficient for Natural Killer T (NKT)
cells or activation of NKT cells, hematopoiesis was found to be
suppressed by MCMV whereas adoptive transfer of NKT cells
lifted suppression (Broxmeyer et al., 2007). In addition to produc-
tion of hematopoietic growth factors (Kotsianidis et al., 2006;
Leite-de-Moraes et al., 2002), NKT cells can help NK cells to limit
MCMV infection, particularly at later time points of infection (van
Dommelen et al., 2003). Yet, it remains to be elucidated whether
cytokine production or also cell lysis is the NKT cell effector func-
tion that preserves hematopoiesis upon MCMV infection.
Bone marrow failure due to HCMV infection is a dreaded
complication after allogeneic bone marrow transplantation and
HCMV has long been associated with suppression of hema-
topoiesis (Randolph-Habecker et al., 2002). In vitro, this was
attributed either to the direct infection of early hematopoietic
progenitors (Maciejewski and St Jeor, 1999) or of the supportive
microenvironment (Smirnov et al., 2007). Lytic infection of
hematopoietic stem cells or of supportive stromal cells by
MCMV might also explain the suppression of EMH in absence
of NK cell control. Bone marrow resident hematopoietic stem
and progenitor cells depend on specific microanatomical niches
for proliferation and differentiation (Ehninger and Trumpp, 2011).
F4/80+ macrophages are a critical element of those niches in the
bonemarrow. Theymediate the adhesion of stem and progenitor
cells and engulf the expulsed nuclei of erythroid precursor cells
(Chasis and Mohandas, 2008). In line with two recent publica-
tions (Chow et al., 2013; Ramos et al., 2013), we found that
macrophages were also required for the development of splenic
EMH. Interestingly, the number of F4/80+ macrophages was
reduced in the spleen of infected mice in absence of NK cell
control. Future studies will elude on the mechanism of macro-
phage depletion and its role for suppression of EMH.
In summary, we propose the following model: MCMV infection
causes inflammation that leads to the induction of EMH, presum-
ably mediated by proinflammatory cytokines with hematopoietic
activity. Virus spread to certain secondary target cells sup-
presses this inflammation-induced EMH. This could be due to
lytic infection of hematopoietic stem and progenitor cells, or
destruction of the microanatomical niche by direct or indirect
depletion of constitutive elements, e.g., macrophages. Efficient
containment of virus spread by NK cell-mediated cytotoxicity
rescues inflammation-induced EMH.ost & Microbe 13, 535–545, May 15, 2013 ª2013 Elsevier Inc. 541
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Figure 7. Absence of LSK Cell Expansion and Depletion of Splenic
Macrophages during MCMV-Induced Suppression of Extramedul-
lary Hematopoiesis
(A and B) C57BL/6 mice were treated with CpG-ODN and either left uninfected
or were infected with Dm157-MCMV. (A) Percentage of CFU-E is shown. Each
dot represents an individual animal. Horizontal bar represents mean value.
(B) Number of colonies generated from 1 3 105 splenocytes (n = 5 animals;
mean + SD).
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Mice
Female C57BL/6 mice were purchased from Elevage Janvier at the age of
7 weeks and housed at the animal facility of the Max von Pettenkofer-Institute
for at least 1 week before the experiments. IFNGR/mice (Huang et al., 1993)
were bred at the Max von Pettenkofer-Institute. SCID, Prf1/ (Ka¨gi et al.,
1994) and Ly49H/ (Fodil-Cornu et al., 2008) mice were bred at the Depart-
ment for Histology and Embryology (University of Rijeka). For the generation
of NKp46-DTR / C57BL/6 bone marrow chimeras recipient mice were
lethally g-irradiated (16 Gy) and reconstituted with 5 3 106 cells depleted of
red blood cells from donors with >85% of their NK cells being hDTR+ at the
Centre d’Immunologie de Marseille-Luminy (Universite´ de la Me´diterrane´e).
BMC were used 10 weeks after reconstitution for experiments. IFNGR/
mice were maintained on the 129 background, other transgenic and knockout
mice on the C57BL/6 background and kept under specified-pathogen-free
conditions. Experiments were performed with sex- and age-matched groups.
Animal experiments were approved by the State of Bavaria or by the Ethics
Committee of the respective universities.
Viruses
MCMV and MCMV mutants were derived from the molecular clone pSM3fr
(Messerle et al., 1997). The construction of Dm157-MCMV, DM94-MCMV,
and RAE–1g-MCMV mutants was described elsewhere (Bubic et al., 2004;
Mohr et al., 2010; Slavuljica et al., 2010). Further virus mutants on Dm157-
MCMV background used in this study were constructed as follows: a kana-
mycin or ampicillin cassette was amplified by PCR from vector pACYC177
or vector pgalK-Kn (EMBL accession numbers X06402 and FR832405),
respectively, with primers containing 50 bp homology to the regions flanking
the sequence to be deleted (for sequences, see Table S1 available online).
The deletion preserved presumed promoter sequences of neighboring genes.
The PCR product was used for BAC-recombination as described before
(Warming et al., 2005) with modification (Lemnitzer et al., 2013). Mouse
embryo fibroblasts (MEFs) were transfected with the respective BACs to
reconstitute the viruses. MCMV and MCMV mutants were propagated on
M2-10B4 or NT/M94-7 cells as described (Cicin-Sain et al., 2005; Mohr
et al., 2010). Virus quantification was done by plaque assay on MEFs or NT/
M94-7 cells. UV-irradiation of viruses was performed as described elsewhere
(Mohr et al., 2010).
Infection, In Vivo Treatments of Mice, and Organ Harvest
If not indicated otherwise, infections with MCMV and MCMV mutants were
performed with 105 pfu in a total volume of 300 ml PBS into the tail vein. Injec-
tion of CpG-ODN 1826 (10 nmol; Tib Molbiol) was performed after anesthesia
with Isoflurane into the right hind footpad in a volume of 25 ml PBS. NK cells
were depleted in C57BL/6 mice by i.p. application of 25 mg anti-asialo GM1
antibody (Wako Chemicals) or 300 mg PK136 antibody, or 1 mg DT (Calbio-
chem) in NKp46-DTR bone marrow chimeras 1 day before and 3 days after(C and D) C57BL/6 mice were infected with either MCMV or Dm157-MCMV.
Analysis of LSK cells at the indicated time points. (C) Dot plot of the animal
closest to themean of n = 4 animals is shown. (D) Percentage of LSK cells (n = 4
animals; mean ± SD). Each value compared to the value at t = 0.
(E) Mice were stimulated with CpG-ODN and either left uninfected or were
infected with Dm157-MCMV. Total number of LSK cells/ml in blood is shown.
Each dot represents an individual animal. Horizontal bar represents mean
value.
(F–H) Mice were stimulated with CpG-ODN and either left undepleted or were
depleted of macrophages using liposome-encapsulated clodronate (Clodr.).
(F) Spleen weight, (G) percentage of CFU-E and (H) percentage of TER119+
cells is shown. Each dot represents an individual animal. Horizontal bar
represents mean value.
(I) C57BL/6 mice were infected with either MCMV or Dm157-MCMV. Per-
centage of macrophages in the spleen at the indicated time points (n = 4–6
animals; mean ± SD). Each value compared to the value at t = 0. Asterisks
indicate significant values as calculated by unpaired, two-tailed Student’s
t test: *p < 0.05; **p < 0.03; ***p < 0.001; ns, not significant.
nc.
Cell Host & Microbe
NK Cells in Extramedullary Hematopoiesisinfection. TNF-awas depleted using Enbrel (Etanercept, Wyeth) (Plater-Zyberk
et al., 2009). Macrophages were depleted by i.p. application of 250 ml
liposome-encapsulated Clodronate (http://ClodronateLiposomes.com) at
days 2, 0, and 3 (van Rooijen et al., 1989). Spleens were analyzed at day
6 p.i. if not indicated otherwise. Infectious virus load in spleens was deter-
mined as described previously (Cicin-Sain et al., 2005). Colony-forming assays
were performed according to the manufacturer’s instructions (Stem Cell
Technologies).
Adoptive Transfer of Cells
For adoptive transfer of NK cells, spleens frommice that were infected for 48 hr
were harvested and homogenized. Splenocytes were enriched in NK cells up
to 80% using an NK cell isolation kit (Miltenyi) according to the manufacturer’s
instructions. Cells (106) were transferred at 48 hr p.i.
Flow Cytometry
Antibodies specific for the markers B220 (RA3-6B2), CD3 (145-2C11), CD5
(53-7.3), CD11b (M1/70), CD23 (B3B4), CD41 (eBioMWReg30), CD105
(MJ7/18), CD115 (AFS98), c-kit (2D8), CD150 (9D1), F4/80 (BM8), Gr-1
(RB6-8C5), NK1.1 (PK136), Sca-1 (D7), and TER119 (TER-119) were pur-
chased from eBiosciences. Splenocytes were stained after lysis of erythro-
cytes with ACK-lysing buffer (155 mM ammonium chloride, 10 mM potassium
bicarbonate, 0.1 mM EDTA, adjusted to pH7.2–7.4 using hydrochloric acid).
Flow cytometry was performed on a FACSCalibur or a FACSCanto II (Becton
Dickinson) using the BD CellQuest Pro or the BD FACSDiva Software and data
analysis was carried out using the FlowJo Software (Tree Star).
Statistical Analysis
Statistical analyses were done using Prism 5 (GraphPad Software). For all
experiments, the mean values were calculated. To test for significance either
an unpaired, two-tailed Student’s t test or ANOVA with Bonferroni or Dunnett
test were used according to the data set.
SUPPLEMENTAL INFORMATION
Supplemental Information includes one table and can be found with this article
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